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| NTRODUCTI ON

Forest fires can be divided into two broad classes--wildfires and
prescribed fires. WIldfires, whether caused by nature (lightning, etc.) or by
the accidental or nmalicious acts of man, are not planned by forest managers and
do not occur wunder controlled conditions. They can be relatively tame, covering
only a few hectares and burning only understory litter, or they can be
catastrophic firestorms |ike the recent one in-Australia that covered over
400,000 hectares. Some wildfires cause severe damage to life and property as
well as tinber, wildlife, soil, water and air resources. Effective fire contro
and prevention prograns have reduced the annual U, S. wldfire loss from 18
mllion hectares in the early 1930's to less than 1.6 nillion hectares in the
mddle 1970's.!l This reduction represents a significant savings in human and
natural resources and one can specul ate on the obvious benefits to air quality.

Unlike wildfire, some burning in the nation's forest and range | ands takes
pl ace according to planned decisions nade by |and managers. Wen fire is used
to achieve a planned forest or range objective within a defined area under
specified conditions of weather, fuel, and ignition techniques, the process is
called prescribed burning. Interestingly, a wildfire can become a prescribed
fire if brought under control and allowed to continue in a designated area for a
specific land mmnagenent objective. In a broad context sone wildfires are bene-
ficial and necessary to preserve the ecology of the forests in which they occur.
The increased use of prescribed fire has been partly responsible for the
decrease in frequency and acreage of damaging wildfires. The najor benefits of
prescribed fire include reduction of hazardous fuel accunulations (a form of
fire prevention), control of wundesirable wunderstory species, preparation of
areas for seeding or planting, enhancenent of forage, inprovenent of wildlife
habitat, and control of disease.

A nunber of review articles have been published in recent years which have
described the nature and extent of forest burning in the United States?~5 and
sunmarized its effects on various natural resources®=10 including the air
resource. 11 From a national perspective, prescribed burning does not have a
serious inmpact on our nation's air resources, especially if one accepts
prescribed burning as a control technology for reducing damagi ng wldfires.
However, on a local and regional level, the wvisibility inpact of prescribed
burnin%‘tanbe substantial and has resulted in a nunber of smoke nmanagenent
guidesl2-17 and a variety of state regulations.!8-19 The guides describe
fuel  burning techniques, neteorological factors, and prescription scheduling, as
wel | as sone alternatives to burning. This paper describes some inportant pro-
perties of forest fuels and of the burning process, as they affect emissions and
air quality. It also points to significant gaps in emission data and snoke phy-
sical and chenical properties.

FOREST  FURLS
The fuels of forest fires consist of understory foliage, small branches

and the wupper layers of the forest floor. They can also include the |arge
branches and treetop residues left during |and clearing and | oggi ng operations
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Wl dfires which are often more intense than prescribed fire, nmay consume the
foliage and small linbs of tree crowns, all forest floor layers, and even
organic soil layers

Surface Fuels

Surface fuels include all conbustible material lying on or inmediately
above the ground. Under some conditions, roots and organic soils will burn and
should be included in this category. The principal surface fuels are duff
[itter, and lowlying vegetative growh.

Duff. Duff is conposed of matted |ayers of partially deconposed organic
matter on the forest floor. It is usually divided into a fermentation and hunus
| ayer. Duff is nornally nmoist and tightly conpressed and has little influence

on the forward rate of spread of a fire, supporting instead a slow, snoldering
type of conbustion. Normally, only the uppernost |ayer of duff is consumed by a
fire. During periods of drought, however, a severe wildfire my consume all of
the duff layers, exposing the mneral soil to erosive forces.

Litter. Litter on the forest floor normally consists of fallen |eaves or
needl es, twi gs, bark, cones, and snall branches that have not decayed suf-
ficiently to lose their identity. Dry, dead | eaves and needles ignite easily.
Fuel burning characteristics depend on the physical properties of the fuel ele-
ment and its arrangement with respect to other fuel particles. A litter bed of
ponderosa pine needles, for example, burns nore rapidly than one of spruce or
Dougl as-fir needl es. Ponderosa pine needles are much larger and are shed in
clusters to forma |oose, well-aerated mat. In contrast, spruce or Douglas-fir
needl es are shed singly, are snaller, and forma nore conpact noisture-retaining
mat that ignites and burns nore slowy. Leaves or needles attached to fallen
branches ignite and burn readily because they are fully exposed to the air and
dry quickly. Fine branches, small linbs, bark, and other sinilar materials
strongly influence rate of spread and general fire behavior. Dry twgs and
smal | branches may act as kindling material for larger diameter fuels. In
areas where there is a great accunulation of fine dead wood, an extrenmely hot
fire can devel op. Large anounts of fine dead wood accunul ate on the ground in
ti mber stands, damaged by various agents and in areas containing |ogging resi-
dues. Under dry conditions, such areas burn violently wth intense heat

Heavy fuels, such as |ogs, stunps, and large |linbs, require long periods of
hot, dry weather before they can ignite and burn. Usually this material is only
partially consumed in rapidly spreading broadcast fires (i.e., fires which burn
scattered fuels on a broad front within a delineated area). Mnagers often pile
heavy fuels to obtain nore conplete fuel consunption. Total consunption of
larger sized materials may occur in dry piles because the various fuel com
ponents radiate heat to each other very efficiently.

Low | yi ng Vegetati on. These fuels include grasses, |ow shrubs, ferns
seedlings, and other small herbaceous plants. Propensity to ignite and burn
readily varies with plant species, noisture content, weather, and season. For
exanmple, early in the growi ng season succul ent new growth will retard fire
spread, but as this growth matures and eventually dies, its role changes from one
of inhibiting fire spread to pronoting fire spread. (Open grass and brush types
are an inportant fuel because of their high continuity and their exposure to the
drying effects of the sun and wind
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Aerial  Fuels

Aerial fuels include all live and dead material not in direct contact with
the ground. Ignition probability and burning rate for tree branches and foliage
is dependent on type, noisture content, and growth patterns. Volatile oils and
resins in coniferous needl es make the branches and crowns of these trees
inportant aerial fuels. The live | eaves of npbst hardwood trees will not nor-
mally carry fire, but those of mature chaparral and related species do at tines
when |ive fuel moisture is low and fine dead twigs are intersperced in the
crowns.

Dead branches and bark on trees and snags (dead standing trees) are an
inportant aerial fuel. Concentrations of dead branches and foliage, such as
found in insect- or disease-killed stands, can even carry fire fromtree to
tree. Various species of rmoss, lichens, and plants hanging on trees are |ight
and flashy aerial fuels. These fuel elenments called Ladder fuels react quickly
to changes in relative humdity and provide a neans of spreading fires from
ground to aerial fuels, or from one aerial conponent to another.

Annual United States Fuel Consunption

A 1976 gurveyl estimated that 47 million metric tons of forest fuels were
burned annually by wildfire in the United States (including Al aska).

In a 1979 survey,“ it was estimated that 37 mllion nmetric tons were burned,
by prescribed fire in the United States. This was a 100 percent increase over
an earlier estimte, 2 which probably did not include prescribed burning on pri-
vate lands. However, estimates of acres and tons of fuel burned are subject to
much error and are nost often experienced judgnents rather than physical
measurements. 4 New methods are being devel oped for estimating fuel consunption
using photo techniques and al gorithnms based on fuel noisture content.

A further breakdown of prescribed fire fuels by fuel type and geographic
area was also reported. It was found that within the United States, 25 mllion
metric tons are burned annually for tinmber harvesting and |and clearing pur-
poses (slash fuels). Naturally occurring understory vegetation and litter
accounts for about 12 mllion netric tons of fuel burned annually, primrily in
the  Southeast.

Chemcal Properties of Forest Fuels

El ement al Conposi tion. The foliage and woody conponents of forest fuels-
contain approximately 50 to 55 percent carbon, 6 percent hydrogen, and 40 to 44
percent  oxygen. The high percentage of oxygen in forest fuel is rather unusual
when compared to the | ow amount found in fossil fuels. As a result, the poten-

tial for production of oxygenated hydrocarbons in the conmbustion products is
high and gives forest fire smoke one of its most unique characteristics. The
hi gh percentage of oxygen also |lowers the energy.value to approximtely

20 M) kg~! for nost wood species.4 Ash content is under 1 percent for npst wood,

species in the United States. Macronutrients (nitrogen, sulfur,  phosphorus.,
potassium  cal cium magnesium and iron) and micronutrients (maganese, zinc,
copper, boron, to nane a few) are found prinarily in foliage and bark. M neral
constituents vary greatly between species and between trees within a species.

.
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In general, the amounts of trace nminerals are an order of nagnitude higher

in the bark and foliage than in branch and stemwood conponents. Fuel nitrogen
sulfur, and chlorine content are of special significance to air quality issues
because of the potential contribution to deleterious enmissions. In an analysis
of 31 foliage, bark, and wood sanples froma variety of grass, brush, and tree
species, nitrogen content ranged fromO0.1 to 2.0 percent, sulfur from below 0.01
to 0.4 percent, and chlorine from 0.005 to 0.7 percent.21 The higher values
were always in the foliage fuels, bark was in the nid-to-lowrange, while the
wood components were always in the | ow range

Chem cal Conpounds in Forest Fuels. The el ements found in plants are com
bi ned by growth processes into many organi ¢ conpounds, mainly cellul ose
henmicellul ose, and lignin. These three pol ymeric conpounds account for over 90
percent of the dry weight of nost forest fuels. The minor constituents, often
call ed extractables, consist of several hundred individual organic chemcal com
pounds that vary greatly anobng tree species, as well as wthin the various parts
of the tree.

The cellul ose content of nost forest fuel varies between 41 and 53 percent.
The chemical conposition of cellulose is quite uniformand independent of
source; it consists of several hundred gl ucose-type carbohydrate units linked in
a polymeric chain. Hemicellulose is not a specific conpound, but is the nane
given to all noncellulosic polysaccharides as well as to related substances |ike
uronic acids and their derivatives. The henicellul ose content of wood varies
between 15 and 25 percent, depending on species. The lignin portion of wood is
quite different chemcally from cellulose and hemicellulose. It consists of
polymeric, aromatic materials characterized by the presence of phenyl propane
units with methoxyl, phenolic hydroxyl, and benzyl al cohol functional groups
The termlignin actually refers to a mixture of substances that have simlar
chem cal conpositions but nay have structural differences. Lignin content nor-
mal |y varies fromabout 26 to 32 percent in softwoods and 20 to 28 percent in
nost hardwoods.  However, it is much higher (up to 65 percent) in decaying
(punky) wood in which the cell wall polysaccharides are partially renoved by
bi ol ogi cal deconposition

FOREST FI RES

A typical forest fuel conplex is conposed of many types and sizes of indi-
vidual fuel elements at varying noisture levels arranged in layers. Thus, the
burning process can proceed at different rates throughout the fuel conplex. One
wel | known expression of fire intensity for spreading forest fires was described
by Byram,22 and is defined as the rate of energy or heat released per unit tine
per unit length of fire front, expressed in kilowatts per meter (kW m1).
Alexander23 reported that fire line intensity can vary by more than a thousand-
fold between 15 and 100,000 kW m~l. However, he noted that wildfire intensities
sel dom exceed 50,000 kW m~1 and nost crown fires fall within the range of
10,000~30,000 kW m~l. In contrast, nost prescribed fires in understory fuels
shoul d be kept bel ow 500 kW m~! to ninimze damage to trees. \hen slash fuels
are burned after a clearcut tinber harvest or land clearing operation, higher
intensities are perm ssible because there is no tree crop to damage

It is inportant to enphasize that conmbustion in forest fires even in the
best circumstances, is not a chemcally efficient process. One reason is that

G
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the noisture released fromthe fuels tends to absorb some of the heat energy
from the fire, thus limting conbustion tenperatures. Another reason is that
air novenent in and around the fire cannot bring enough oxygen to the conbustion
zone to mx efficiently with all the flammabl e gases produced. Air novenent

al so transports partially oxidized gases away from zones of high tenperature,

rel easi ng products of inconplete combustion to the atnmosphere

The Burning Process
To appreciate how the various conponents of snoke are generated, we can

di vide the open burning process of forest fuels into four phases of therma
deconposition

Preignition Phase (Distillation and Pyrolysis Predoninating). In this
phase, the fuels ahead of the fire are heated; volatile conponents nove to the
surface of the fuel and are released into the surrounding air. Initially, these

vol atiles contain large amounts of water vapor and some noncombusti bl e organics.
As tenperatures increase, henicellulose followed by cellulose and |ignin begin
deconposing and rel ease a stream of conbustible organic products (pyrolysate).
Because these gases and vapors are hot they rise, mix with the oxygen in the
air, form conmbustible mixtures, and ignite--usually between 300°C and
600°C—~producing the second phase. Above 270°C, thermal deconposition does not
require an external heat source because the process hecones exothernic

Flaming Phase (Gas Phase Oxidation Predominating). In this phase, the
temperature rises rapidly fromthe heat of exothermc reactions. Pyrolysis con-
tinues but it is now acconpanied by rapid oxidation, or flamng, of the com
bustible gases being evolved in high concentrations. The products of the flane
zone are predoninately carbon dioxide and water vapor. The water vapor here is
not a result of dehydration as in the preignition phase, but rather a product of
the conmbustion reaction

Tenperatures in this phase range between about 300°C and 1400°Cc. Sorme of
the pyrol yzed substances cool and condense without passing through the flane
zone, others pass through the flames but only partially oxidize, producing a
wi de range of products. Many conpounds of |ow nol ecul ar weight are' produced as
gases and remmin gases as they nove downwind; others with higher nolecular
wei ghts cool and condense to formsnall tarry liquid droplets and solid soot
particles as they move fromthe conbustion zone. These condensing  substances
along with the rapidly cooling water vapor that is being evolved in copious
amounts, formthe snoke that acconpanies all forest fires. During this phase, a
suf ficient nunber of sooty particles are generated to color the visible snoke
plume fromblack to gray.

Pyrosynthesis al so occurs during this phase. Low nolecul ar wei ght hydro-
carbon radicals condense in the reducing region of- the flanes, |eading to the
synthesis of relatively large nol ecul es such as the pol ynucl ear aromatic
hydrocarbons.

Snol dering Phase (Slow, Flaneless Conbustion Predoninating). In this
phase, the overall reaction rate of the fire and the output of pyrolysate
vapors has dimnished to a point where the tenperature and concentration of com
busti bl e gases and vapors above the fuel cannot sustain a persistent flane
envel ope

—fym
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Consequently, the vapors condense and are rel eased as visible smke to the
atmosphere.  Snoldering often occurs after the flane front noves through a fue
bed in a spreading fire, but also occurs in area fires where |ogging debris has
been piled. Snoke output is usually very high over the entire burned area. The
heat release rate fromsmoldering fires is usually not sufficient to 1{ft the
smoke into a well defined conveétive colum. As a result, the snoke stays near
the ground in high concentrations, causing potential visibility problens at
nearby receptor sites. The snpoke evolved during this phase is virtually soot-
free and consists of sub-micron tar droplets. \en the evolution of pyrolysate
vapors ceases, the fuel particle is reduced to a black char and the final phase
of conbustion can begin.

d owi ng Phase (Solid Oxidation Predoninating). In this final phase of
conmbustion, all the volatile conponenis of the fuel have been rel eased and oxy-
gen can now migrate to the fuel surface resulting in solid or surface oxidation
with its characteristic yellow glow. In prior phases, oxidation was predom na-
tely in the gas phase above the fuel. Visible snoke is not present during this
final phase; carbon nmonoxi de and carbon di oxide are the principal products of
gl owi ng conbustion. This phase continues, as long as tenperatures renain high
enough, until only a small anpunt of noncombustible nminerals remain as gray ash
Many times the arrangement of the fuel and/or the noisture content is such that
temper atures cannot be naintained, resulting in a black charred residue instead
of the gray ash

In a forest fire, the four phases just described are difficult to discern
because they occur both sequentially and simultaneously. The amunt of fue
consumed during flam ng and snol dering phases varies widely with fuel, ignition
and weat her conditions. Snoke reduction techniques are now ai med at enhancing
flami ng conbustion while minimizing snol dering combustion within the constraints
of the | and managenent objectives.

FOREST FI RE EM SSI ONS

For many vyears, national air pollution trends have been conpiled by the
Envi ronmental Protection Agency and its predecessors. Enission levels were
estimated for five major pollutants emtted fromsix principal source cate-
gories. Five of the six categories were considered controllable emn ssions
whereas one category (mscellaneous em ssions) was thought to be uncontrollable
The mi scel | aneous category included emssions fromforest fires, structural
burning, and coal refuse burning. The forest fire entry was always footnoted to
indicate that it included prescribed fires. COher open-burning sources, such as
agricultural burning and nunicipal solid waste di sposal, were considered nman-
made or man-directed enissions and therefore were included in the controllable
source  categories. Al man-caused emi ssions were |abeled as "anthropogenic”
wher eas em ssions caused by nother nature (i.e. vol canoes, forest fires, wind
blown dust, etc.) were given the label "natural" sources. Published estimtes
by Cavender24 indicate that forest fires accounted for 16 percent of the tota
U S air pollutants in 1940, but only 1.7 percent in 1970. This dramatic
drop is partially caused by a drop in wildfire acreage burned, but could also
be due to the uncertainty in enission factors and the techni ques used to esti-
mate fuel consunption on the acres burned
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Wth the passage of the Cean Air Act Anmendnents of 1970 and 1977, com
petition for the nation's air resource increased, and prescribed burning began to
emerge from the "footnote" category as new efforts were undertaken to inprove
our national emissions inventory. National totals, averages, and trends were
recogni zed as less than the best guide for estimating the effects produced in a
particul ar locality. This is especially true for an intermttent source such as
forest fires. Even though forest fires are not considered to be a significant
source on a national level, regional and |ocal surveys sonetinmes placed
prescribed burning prograns in conpetition with other sources for a share of the
local airshed. An exanple is a recent study by Cooper25 which showed that slash
burning contributes approxi mately 22 percent of the particulate matter |oading
to the Eugene, Oregon, airshed on the days sanpled

Air quality issues related to prescribed burning began to ease into the
federal regulatory process in the late seventies as EPA began to exani ne and
docunent all potential sources of visibility inpairment. In 1979, EPA prepared
a conprehensive report to Congress which outlined sources of visibility inpair-
ment and proposed nethods to eval uate and control adverse inpacts.26 The
inpacts from prescribed burning, especially slash burning in the Pacific
Northwest were carefully noted. In its summary, EPA observed that "some alter-
natives to forestry burning do exist, especially for disposal of accumul ated
residues." On the other hand, it was careful to point out that "practical
alternatives to the use of fire for inproving wildlife habitat and reducing fire
hazard in non-harvested areas were not availahle." Studies are now underway to
docunent emssion factors and rates, 27 and to describe nethods for reducing
emi ssions fromforest residue burning28 in the Pacific Northwest.

Factors Affecting Em ssions

In general, the variables affecting enissions can be grouped into three
categories

1. Fuel conditions--stage of deconmposition, noisture content, and physica
arrangement

2. Fire conditions--fire type, fire intensity, ignition technique

3. Weather conditions--w ndspeed and relative humidity during a fire
and drying conditions before a fire

A nore conpl ete discussion of how these factors affect emissions is in the
literature4,12 and is summarized by Sandberg?® in another paper in this session.

| have already distinguished prescribed fires fromwildfires. Another
distinction that should be noted is related to two types of prescribed fire used
primarily in understory fuels, namely heading and backing fires. In terms of
conbustion efficiency, prescribed fires are generally nore efficient than |arge
uncontrol | ed wildfires, and within prescribed fires, backing fires are generally
nore efficient than heading fires
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Heading Fire. A heading fire noves with the wind. Visualize a fue
conpl'ex with a flame front and a surface wind driving the flames. The flame
front noves rapidly fromfuel elenent to fuel elenment. Under these conditions
nost el ements are not consumed conpletely before the main combustion zone noves
ahead. A rather large zone of smoldering fuel is |eft behind when fuel |oadings
are  substantial.

Backing Fire. A backing fire noves into the wind. The advance of the
flamng zone is not nearly as rapid as in the heading fire. Since the flames do
not nove as rapidly, nore of the individual fuel elements are consunmed in the
flamng zone. Thus, the smoldering time for the fuels is reduced and total com
bustion efficiency of the fire is increased

Comparison of Em ssion Measurenent Techni ques

Many conventional industrial pollution sources operate under a relatively
narrow range of conditions and yield enissions which are relatively easy to
nmeasure using conventional stack sanpling techniques. Unfortunately, forest
fires occur under a very broad set of conditions resulting in emssions that
range over several orders of magnitude. In addition to dealing wth variability
in burning conditions, a new em ssion measurenment technology had to be devel oped
to deal with the open burning phenomena. Both laboratory and field methods were
devel oped and used to acquire the needed information

In the laboratory, however, fire size and intensity are restricted and
fuel beds are often constructed artifically. Thus, the question of whether
| aboratory experinents are truly representative of what takes place in the rea
world is often raised. On the other hand, field experiments represent reality
but are costly, highly dependent on weather for success, and difficult to
replicate. These linitations often nmean that few experinents are conducted and
that little or no basis for error estimation or statistical analysis is
available fromthe data collected. It seems clear that procedures are needed
whi ch use the desirable features of both approaches

Laboratory Methods. A variety of laboratory nmethods have been used in
emi ssions studies. Small scale exnerinents. such as those conducted with ther=-
nmogravimetric instruments or conbustion tube furnaces, are often used to obtain
prelimnary data upon which to base a l|arger, nore carefully designed experi-
ment. In such experiments, control is precise and there is opportunity to
systematically vary heating rate and oxygen level. Thermogravimetric t echni ques
have been used to study nitrogen oxi des produced in burning forest fuels,29
Larger scale laboratory burns are usually patterned after the original design
used to neasure enissions from agricultural burning.30 As an experinent begins,
snmoke fromthe fire is funneled through an exhaust stack directly above the con-
ditioned fuel bed. Sanples of conbustion products are withdrawn and filtered to
renove particulate matter and noisture and then transferred to gas anal yzers
Sl oping of the fuel bed permts sinulation of backing (downsl ope) and headi ng
(upslope)  fires.

Field Methods. Various field methods have been used to provide enissions
estimates for operational use. Ward31l devel oped a tower method that was suc-
cessful with lowintensity backing fires. Sanpling with towers is wusually
limted to heights not exceeding 15 meters. In order to overcome the height

-9
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limitation, a prototype tethered balloon system was developed by Ryan et a1.32
Sampling packages were suspended at several locations on a vertical instrumen-
tation line which extends downward ftom the balloon and through the smoke.
Control signals and experimental d&ta c¢an Y& tiransmitted between the sampling
packages and a ground station through the instrumentation line. High cost, dif-
ficulty in maintaining the balloon position in a forest environment, and other
logistical problems are major drawbacks and precluded its continu&#d development
and use. However, many of the Basic conceptsd of sampling from this system have
been adapted for use in new ground based sampling systems. Por example, a
“skyline” tower and cable system for gampling the verticle flux of carbon is now
being used on the West coast by Ward? 27 vo assess the effects of different levels
of residue removal, fuel moisture content, and the effeéet of green fuel on
emissions souree strength from burning forest residues, It consists of par-
ticulate matter and, gas sampling apparatys siuspended from a oY ter cable and
tower suppsrt ' assembly. For obvious reagons, this ystem ' limited to:
fires which would not destroy the sampling cémplex duting the flaming phase,.
Another means of field sampling is with an iastrumented aircraft that flies
crossing patterns in the plume at a given distance downwind. This method is
most suitable for high intensity operatioual burns, but reqwtes: careful:
documentation of fuel consudiption and ) ge- &t«ea from
workers on the ground. Another disadvamage of' the alreraft method is that,
smoke which is not lifted, but remains close to the ground, cannot be sampled.
This introduces error into estimates of -emfssisa factor and rates during
smoldering combustion. Overall, it is very difficult to correlate emissions
production with fire and fuel conditions with the aircraft method.

Computation of emission factors, in either laboratory or field experiemnts
requires estimates of fuel consumption and mass (or concentration) of the
pollutant of interest. In the labor&tory, fuel ¢énsumption can be accurately
measured by direct weighing of the bBurning fuel with transducers or platform
balances.  One method used in the field consists of manually sampling the fuel
before and after burning. An extension of the lab approach for use in the field
with logging debris fuels f's to support a flat platf,orm 3 by 3 metersy or
larger, with transducers so that fuel esusumption tates can be measured
directly.33 One drawback to the platform concept is that fuel layers must be
manually constructed, making them artificial to some extent. However, a major
advantage is the ability to carry out a sydtemati¢ experimental design with
replication.  Thus, functional relationships can be developed, and accutacy Of
information can be determined.

The latest innovation in fieid methods makes use of a carbon nass balance
technique.  This technique waked it p« : *a shsumptiot ‘and
emission factors with a single 8t EXpe 1l measurements,2753% The tech-
nique is based on the fact that a1l ‘forest Ffuels consist of dpproximately 50
percent carbon, and that upon burning of the fuel, this carbon appears in the
smoke as either carbon dioxide , carbon, monoxide , hydrocarbon gases, or par-

t iculate matter. If concentrations of these components and verticle valocity of
the plum is measured, then the rate of ¥ial: cofmuxﬁption, source‘strength and
emission factors for four smoke components (carbon dioxide, garbon mMmonoxide,
~hydrocarbons, and particulate matter) can be conpgtéd withsut the need for
““tedlodis manual fuel sampling. ’ ; ;
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Em ssi ons Data

Forest fire em ssions are a conplex mxture of soot, tars, and gases. As
wi th open burning of all conplex organic fuels, the nunber of conpounds
i ncreases as conbustion efficiency decreases. Studies have shown that emission
factors for some em ssions vary over several orders of magnitude dependi ng on
fuel and fire conditions. Thus, enmission factors often are reported as a range
of values and a uniformemnission factor cannot be used reliably to represent the
diversity of fire and fuel conditions. Summary docunments exist to aid in the
selection of emssion factors for different fuels and types of fires. 394812
However, in each case, users are cautioned about the uncertainty of the val ues
when applied to a specific local situation

The inherent variability of the fuels and burning process coupled with a
hostile, remte sampling environment have nade it difficult to obtain represen-
tative enmission sanples in many situations. Thus both researchers and |and
managers have been frustated when confronted with the question, "Wat is a good
em ssion factor for forest fire snoke?" For sone emissions, it is conmmmn to
encounter an order of magnitude difference anong fuel types, fire types, and
between the flam ng and snol dering phases of individual fires. As frustrating
as this variability may be, it has provided many opportunities to investigate
the factors that control emssions output in order to include enission reduction
techni ques as a snmoke nanagenent strategy. Current studies are ained at
describing em ssion reduction techni ques28 and characterizing enissions as a
function of time.35 These efforts should produce tangible inprovenents in |ocal
air quality.

In forest fires, two products of conplete oxidation--carbon dioxide (C09)
and water vapor (H90)~-make up over 90 percent of the total nass emitted. The
other 10 percent include all of the visible snoke and other conpounds that fal
in the EPA categories of criteria, noncriteria, and hazardous pollutants.
attenpt to summarize what is known in each of these areas. Al enission factors
reported are based on dry fuel weight.

Carbon Dioxide (C2). Em ssion factors range between 1,000 and 1, 750
g kg~1 of fuel consumed. The higher values are associated with the high com
bustion efficiency achieved under sone flaming conditions while the |ower val ues
occur during snoldering and glowing conmbustion. A theoretical maxi num of
1,820 g kg=' is possible fromthe idealized conmbustion of wood fuels as shown in
the following equation

4 CgHgOy4 + 25 02 + 24 CO2 + 18 H20 + heat.

Carbon di oxide is not an atnmospheric pollutant in the usual sense. It is
nmoni t ored because it can be used to cal culate fuel consunption and burning effi-

ci ency. It is also of interest to atnospheric scientists interested in the
greenhouse effect and gl obal carbon cycles.

Wat er Vapor (H20). Few i nvestigators have reported on the production of
wat er vapor fromforest fires. Like COp, it is not considered an air pollutant.

-11-
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Its inportance lies in the way it nmonentarily affects visibility near a fire
and the manner in which it interacts with other conbustion products. The

amount of water vapor produced can range from 250 to 750 g kg-I1. It is theore-
tically possible to produce 860 kg of water froma metric ton of fuel with a

moi sture content of 30 percent. 300 kg are derived fromthe distillation of the
adsorbed water, and 560 kg fromthe idealized conmbustion reaction shown earlier.

Carbon Monoxide (CO). Carbon nonoxide is the nost abundant criteria air
pol lutant emtted fromforest fires. Reported emission factors for CO generally
range between 20 g kg=} and 100 g kg"l," with the higher values associated with
poor  conbustion conditions. In smoldering forest residue fuels, 35 burning
organi ¢ soil,36 and wood burning -stoves, 45 factors above 250 g kg™l have been
reported. Unlike urban fires where |ethal CO concentrations can develop in a
closed fire environment, open burning CO concentrations drop rapidly from
approxi mately 200 ppmvery near the fire line to less than 10 ppmwi thin 30
meters of the fire line. 11

Hydr ocar bons. Emi ssion factors for EPA's hydrocarbon criteria pollutant
and neasured as methane by flame ionization detection (FID) vary from2 g kg-!
to 32 g kg-I in laboratory fires, and from14 g kg~l to 54 g kg™l in a very
limted number of field fires.* Methane, ethylene, and acetylene can account
for as nuch as 50 percent of the FID response. 37 Lesser anpunts of ethane, pro-
pane, propylene, nethyl, and ethyl acetylene, butene and butane isomers have
also been found. Peak hydrocarbon production is associated with the onset of
the snoldering phase of the fire.

Vol atile Organic Conpounds (V0oC), In addition to the |ow nolecul ar
wei ght, gaseous hydrocarbons just mentioned, there are hundreds, possibly
t housands of other organic compounds in forest fire emissions resulting fromthe
inconplete conbustion of lignin, cellulose, and other organic substances in the
fuel. The VOC fraction contains many of the famliar smoke odors and eye irri-
tants we generally associate with forest fire smoke. Included are many oxyge-
nated species as one nmight predict fromthe fuel chemstry. In one limted
study, several hundred compounds were identified in smke sanples taken from
| aboratory fires of pine needles.38 The sanpling system (Tenax GC) was con-
sidered useful for compounds in the ¢4 = 2 range. Gas chromatographic/mass
spectronetric anal ysis showed the major constituents to be toluene, furfural,
li ronene, p-xylene, and benzene. |n addition, many al kanes, al kenes, and oxyge-
nated conmpounds that are related to furan and phenol were found. Several |ow
nmol ecul ar wei ght oxygenated species, especially the carboxylic acids (formc and
acetic acids, etc.) and the reactive al dehydes (formal dehydes, acetal dehydes,
etc.), were not sanpled in this study although they have been reported to be
constituents fromthe snol dering conbustion of wood fuels.72373 Recent advances
in the technol ogy associated with the sanpling and anal ysis of organic air
em ssions should prove helpful in providing a nore conplete qualitative and
quantitative assessment of VOC's in forest fire snoke. Current studies and
recent reports39940945972973 of enissions fromfireplaces and wood stoves can
provi de additional insight and information on this largely unknown area. The
information fromfireplace studies would be nore applicable to forest fires than
the data from oxygen starved wood stoves.
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Nitrogen xides (NOy). Data on NO production fromforest fuel burning are
l'imted and somewhat inconclusive, For some time, EPA assigned 2 g kg-l as the
em ssion factor based on a |aboratory burning of |andscape refuse. 41 Benner%2
reported NO emission factors in the range 4-10 g kg~}! from burnin§ pine needles
in a smll chamber. Ward?7 recently reported a value of 1.8 g kg' I from burning
forest residues in a field study. Recent studies on the use of wood in fireplaces
and stoves are reporting average val ues bel ow 2g kg-1.39940 One study®
found about 4 tinmes as much NO, fromfireplaces (1.9 g kg-1), as for wood stoves
(0.5g kg-1).

Combustion processes can form NO, in three ways: 46

(1) Reactions of atnospheric nitrogen with oxygen at high tenperatures
wi th concentrations peaking above 1,500°C (thermal NO ).

(2) Reactions of fuel-derived radicals with atnospheric nitrogen (Pronpt
NOx).

(3) The oxidation of fuel nitrogen conpounds at conbustion tenperatures
bel ow 1,000°C (fuel NO ).

Tenperatures in nost prescribed fires, especially in understory fuels,
sel dom exceed 1,000°C. However, higher tenperatures are possible in piled fuels
and in some wildfires.

NOx emissions were reported by Clements and McMahon29 in a laboratory study
whi ch enpl oyed thernogravinetric instrunentation with tenperatures bel ow
1 ,000°C, NO, enission factors for wood, bark, and linbs averaged 1.5 g kg~!,
whereas those for sanples of pine needles and other forest foliage averaged 7.5
g kg~l, Conversion efficiencies (fuel nitrogen to NOx) were 16 percent for the
woody sanples and 21 percent for the foliage sanples. Thus, in |ow tenperature
fires (bel ow 1,000°C), one can approximte the NO enission factor by know ng
the percentage of nitrogen in the fuel to be burned. At this tine, it is not

known if thermal NO, is produced during the open burning of forest fuels.

Sulfur xides (SO). Due to the low sulfur content in forest fuels, little
dat a have been reported on em ssions of sulfur oxides fromforest fires, which
are considered a negligible source of SO by EPA. Negligible is defined by
EPA as a source which produces less than 0.05 x 106 tons of pollutant per year.
In a 1978 study, the plumes fromfive prescribed fires were sanpled froman
ai rplane and no significant gaseous sulfur was found.47 Recent work with the
burning of wood bark in industrial boilers suggests a | ow conversion rate
(approximately 5 percent) of bark sulfur to SO2 with the balance accounted for
in the ash.44 Qther studies reported average values of 0.07 g kg~! S for wood
burned in industrial boilers,48 and 0.2 g kg~! for wood burned in stoves.43,48
Wth foliage fuels, hi her levels mght be expected because of the higher
sulfur  content. \Ward48 reported 50 to 75 percent sulfur |oss from burning pine
needles in the laboratory. Only reduced forms of sulfur were measured in the
conmbustion products. Less than 0.2 percent was in the formof carbonyl sulfide
and other reduced forms of sulfur.
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Particul ate Matter. This pol lutant has been studi ed nuch nore extensively
t han gaseous em ssions because of its effects on visibility, and its effects on
[ ocal concentrations of the criteria pollutant, total suspended particulate
matter (TSP). TSP emission factors have been documented for a variety of
prescribed fires and been found to range over an order of magnitude (2.5 = 90
g kg-1) depending on conditions of fuel and fire.* The hi gher val ues occur in
fires with a significant snol dering conmponent. TSP emission factors for wild-
fires have not been published, but have been estimated to be approximtely 75
g kg~1 based on the extrapol ation of |aboratory results for head fires in pine
litter fuels.1 Reconmended val ues for a nunber of understory fuel and fire types
and fire stages have been published. 12 FEstimatesfor slash type fuels are now
enmerging; prelimnary results27 gave an emssion factor of 21 g kg-I.
Additional studies are planned for 1983 and 1984

In the West, visibility inpact fromforest fires is described in terns of
plune blight and regional haze factors, and is usually associated with snoke
fromthe flam ng conbustion phase of |ogging residue fires. In the South, smoke
incidents are nore often related to highway visibility problens caused by snmoke
fromthe smol dering phase of fires. During this phase of conbustion, the fire
is often judged to be "out" or "in control." However, snoke often continues to
be produced by snol dering of tree snags, |ogs, stunps, duff layers, or organic
soil. Because the heat release rate fromsnoldering fuels is |low, the snoke
tends to stay near the ground, creating potential visibility problens in the
local area. If the snoldering continues through the night near areas of high
moi sture (streambeds, etc.), a mixture of smoke and fog may be present in the
morning. Stith et al.50 reports that prescribed burns of slash fuels are fr°1i-
fic sources of cloud condensation nuclei (CCN), producing about 1010 = 1011 CoN
per gram of wood consumed. The CCN resulted in anonal ously high concentrations
of water droplets <10um in diameter in the cunulus clouds produced by the burns.
Met hods to reduce and predict the smol dering potential of forest fuels are now
recei ving increasing enphasis as new snoke reduction strategies are devel oped
for prescribed burning

Forestry Snoke Physical Properties. Sorme early reports on the size of
forestry smoke particulate matter erroneously indicated a particle size range
from50 to 100um in dianeter based on examination of mcroscopic slides placed
downwind fromthe fire.71 The particles examned were prinarily partially con-
sumed fuel fragnents and ash particles. These large particles occur primarily
in high intensity fires when the turbulent convective activity in the fire zone
is sufficient to nechanically generate and entrain |arge particles in the snoke
col um. In nost cases, they drop out near the fire and are not found in the
long range transport of forestry snoke plumes. A nunber of studieg#7,50-55
have now shown that most of the particles formed in forest fires are of gub-
micron size, typical of a conbustion aerosol. These studies generally agree on
an average particle diameter between 0.1 and 0.5 pm for mass, number, or vol une
distributions. Approximately 90 percent of the particle nass was below 1 mcro-
meter diameter fromunderstory burning of pine needles.52 Laboratory burning of
I oggi ng sl ash showed 82 percent of the particle mass below 1 pm 53 Particle
density has not been well documented, Stith30 reports a range of 0.75 to 1.34
g cc-l, while Foster37 reported a value of 1.3 g ce~!. However, these data pro-
bably do not represent the full range of possible values
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The effect of smoke on visibility depends not only on the concentration
of particles emtted, but on the optical properties of the particles as they
affect the scattering, absorption, and total extinction of light. A nunber of
studi es have reported the relationship between the mass of forest fire par-
ticulate matter and light scattering properties. Mss concentration to
backscatter ratios (M/bgear) have been reported between 2.0 x 105 and 3.1 x 103
for forest fire plunes as conpared to the 3.8 x 103 ratio used for a nixed urban
aerosol. Conparison of data is hanpered by the use of nepheloneters wth
different spectral responses and/or different nethods of analysis. Tangren56
has recently reviewed this topic and recomrends a bg. ,t ratio of 2.8 x 105 for
snoke plumes on the ground near the fire and 2.0 x 10? for airborne nmeasurenents
of aged smoke downwind fromthe fire. The color of forest fire snoke can vary
fromdark black, through various shades of grey, to pure white. \Wen snoke par-
ticles are collected on a glass fiber filter fromdifferent fire phases, the
filter will be colored black or grey fromflam ng conbustion, brown during the
transition from flamng to snoldering, and bright yellow fromthe snol dering
phase. The bl ack smoke will predom nate during vigorous flamng conmbustion
especially in burning foliage fuels containing a high percentage of ether
extractabl e hydrocarbons. These hydrocarbons (terpenes, tannins, resins, oils,
etc.,) are somewhat volatile and very flammable. They are also low in oxygen
content and thus can form soot precursors nore readily than the highly oxyge-
nated lignocellulosic polymers that nake up the remaining fuel nass. As flamng
conbusti on di mnishes, tarry subnicron droplets from snol dering conbustion begin
to predonminate and the snoke col or changes fromblack to white. On a volung,
nunber, and mass basis, the tarry liquid droplets usually predoninate over the
solid soot particles.

The relative inportance of light absorption to light scattering properties
for forest fire snoke can be judged from | aboratory studies which have neasured
optical properties and calculated an inaginary refractive index (ng) for snoke
particles fromburning pine needles. Nolan3/ reports an n2 = 0.05 for flamng
conditions and ny = 0.0004 for snoldering conditions. Mking the sane particle
density assunptions as Nolan, Patterson and McMahon58, in a more recent study,
estimate np values to be 0.07 for flam ng conditions and 0.0026 for snoldering
condi tions. These val ues can be conpared to a value of pure carbon, ny = 0. 66.
In terms of visibility inpact, it can be shown fromreported optical constants
and particle size data that particle absorption and particle scatter are roughly
equi val ent during periods of vigorous flaming, but that particle absorption is
relatively mnor or negligible during heavy smol dering conditions.58

Chenical Characteristics of Forestry Snpoke Particul ate Matter. Knowl edge
of the chenical nature of forest fuels, conmbined with what is known about pyro-
lysis and conbustion, suggests that particulate matter formed by forest fires
woul d consist primarily of conplex organic substances. Analysis of particulate
matter fromburning forest fuels has been shown to contain between 50 to 60 per-
cent carbon. 21 Sinilar results were obtained in the analysis of particulate
em ssions fromwood burning fireplaces and stoves45 with carbon averagi ng 60
percent and hydrogen 2.0 percent. In this case, the analysis was performed on a
met hyl ene chloride extract of the particulate matter. The remainder, or about
40 percent can be assunmed to be nostly oxygen because of the | ow ash content of
the fuel. Thus, in general, the carbon analysis of particulate matter conpares
closely with the amount of carbon in the fuel (50 to 55 percent). The slight dif-
ference can be attributed to sone |oss of hydrogen and oxygen during conbustion
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The actual. chenmical structure of the conpounds in the particulate matter, of
course, is much different. In a fireplace study, Dasch®? found the carbon
content of the particulate matter was 71 percent from burning softwoods and 54
percent from burning hardwoods. El enental carbon, as determined by a conbustion
t her mogr aph technique, was 33 percent for the softwood fire and 8 percent for
the hardwod fire. The accuracy of this technique has been questioned because
of the tendency of sanples to char during the heating process

The organic characteristics of particulate matter have traditionally been
estimated by solvent extractions with benzene. The benzene sol ubl e organic
(BSO) fraction of urban particulate nmatter is usually well below 20 percent.

The BSO averages for forestry snoke particulate nmatter have ranged between 40 and
75 percent.l2 |n general, thehigher values are found in fires with a large

snol dering conponent.  Crude BSO extract has been separated into organic classes
for a limted nunmber of sanples. The neutral fraction which contains aliphatic
and aronatic hydrocarbons, has been found to be approximtely 20 percent of the
extracted material.?l Very little detailed chenical characterization of the
organi ¢ components in forestry particulate matter has been reported in the
literature. However, organic enissions are now being studied extensively as a
result of environnental issuesrelated to the increased use of wood fuels in
stoves and fireplaces. Although sone work has been reported and many studies
are in progress, over 85 percent of the organic enissions remain uncharac-
terized

The organi ¢ conmpounds studi ed nost often are a group known as pol ycyclic
organic matter (POM and its subgroup, polynuclear aromatic hydrocarbons (PAH).
Conpilation of an emssion inventory for PAH s indicates that residential wood
burning may be the largest source of PAH s enmitted to the atnosphere. The
occurrence of PAH in the conbustion products of carbonaceous fuels is well
known, and several PAH's are known to be carcinogenic in animals. Benzo(a)pyrene
(BaP) is the hest known and studied conpound in this group. Data on POM/PAR
enmssions fromforest fires are sparse, and in fact there has been only one
study®Q performed to measure PAH enissions from prescribed fires. That
i nvestigation used sinulated backing fires and heading fires in the |aboratory
with pine needle litter as the fuel. Em ssions were channeled through a |arge
stack where particulate matter sanples were collected on a glass fiber filter in
a nodified high volume sanpler maintained bel ow 65°C to minimze breakthrough of
BaP. Enmission factors for PAH species from anthracene to coronene are reported
Headi ng fires produced substantially more TSP than backing fires (as expected).
However, the backing fires produced significantly higher amounts of BaP.

Emi ssion factors for BaP ranged from 238 to 3,454 yg kg™l in backing fires
and from38 to 97 pg kg=l in heading fires. The ratio of BaP to particulate
matter was al so nuch higher in backing fires (169 ug g=1) as conpared to
heading fires (3 ug g-1). A field study is currently attenpting to validate
these results and to obtain values froma broader range of forest fuels and
fires.

It is common to have BaP and PAH enission factors range over several
orders of magnitude. In a recent fireplace study 59, BaP emission factors ranged
fromb5 to 1,900 pg kg-1. The concentration of BaP in the particulate matter
ranged from3 to 141 pg g~1. Nunerous other studies with wood stoves and fire-
pl aces have al so denonstrated this wide range. In general, air-tight wood stoves
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produced significantly higher |evels of PAH than fireplaces.45 Mode of burning
in the wood stoves had a dramatic impact on BaP formation. As shown by
Allen,b! the enission factors were found to be appreciably | ower for downdraft
and hi gh turbul ence burning than from sidedraft and updraft burning.

PAH's can be formed in fires by a conplex series of pyrosynthetic steps
i nvol ving the chem cal condensation and cyclization of free radicals in a cheni-
cally reducing atnosphere, commonly found in the center of flames. Al though PAH
can format 400°C (especially the |ow nolecul ar wei ght PAH's), the optimal range
for the more conpl ex 5- and 6-ring compounds such as BaP is 700 to 850°C.60,61
PAH's can be formed in any conbustion process involving conpounds of carbon and
hydrogen; however, it is known that swme conpounds are nore efficient precursors
to PAH than others. These findings suggest that carbohydrate structures as
found in cellulose and henicellul ose are |ess efficient precursors to PAR than
al kyl -benzene structures as found in lignin.

Forestry Snoke Tracers. A logical devel opment energing from snoke charac-
terization studies will be the opportunity to identify a unique chem ca
fingerprint or signature for forest fire em ssions which could be used for plune
tracking, visibility studies, and source apportionment. Until recently, source
oriented dispersion nodels and subjective visual estimates fromaircraft have
been the primary means by which air quality specialists have deternined the
i mpact of a snoke plune at a receptor site. These nethods have been approxi na-
tions at best, with npbst dispersion nodels accurate only within a factor of two.
Because of this linitation, there has been increasing interest in receptor nmode
technology; that is, mobdels that assess and separate the individual contribu-
tions from m xed pollution sources.62 Receptor methods have become feasible
because of recent inprovenents in the sanpling and anal ysis of aerosols
Receptor nodels start with the nmeasurenent of a specific feature of the aeroso
at the inpacted site (receptor). They then calculate the contribution of a spe-
cific source type based on a norphol ogi cal or chem cal signature of the source

Several techniques have al ready been used in attenpting to assess the
i npact of slash and agricultural burning in Oregon's Willamette Valley,63
Simlar techniques are now being used to assess the inpact of wood stove and
fireplace emissions.25,59,62 They include:

(1) Chenical Mass Bal ance--This technique was first proposed by
Friedlanderb® and assunes that the mass of particulate matter deposited on a
filter is a linear conbination of the mass contributed fromeach source in an
airshed. Watson®5 has used this technique for assessing the sources of par-
ticulate matter in Portland, O egon.

(2) Enrichnment ¥actor Analysis--This method uses data fromthe el emental
concentrations found in anbient air and in the polluting source(s) to estimte
the degree to which a tracer elenment is enriched above normal |evels. Both car-
bon enrichnent and fine particle potassiumiron (K Fe) enrichnent techniques
have been used to assess agricultural and slash burning inmpacts in Oregon,25
The K/Fe ratio technique is a sinplified two-conponent chenical mass bal ance
Fine particle Kis an indicator of vegetation burning while Fe is indicative of
the soil conponent. An inportant linmitation to the use of the K/'Fe ratio 1isits
high variability; at present it is only a qualitative indicator of the contribu-
tion from burning vegetation.
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(3) Carbon-14 Measurements--New y devel oped radi ocarbon counting tech-
ni ques have made possible the anal ysis of l4C isotopes in extrenely smal
sanpl es typically found in aerosol sanplers. Using these nethods, it is possible
to differentiate between nodern or contenporary carbon enmtted fromvegetative
burning and fossil carbon emtted from fossil fuel combustion sources. The
Carbon-14 content of contenporary carbon is relatively high and roughly com
parable to the atnmospheric concentration at the tine it was formed, while fossil
carbon contains essentially no radi ocarbon because its age is so much greater
than the half-life of Carbon-14. Vegetation burning neasured by this technique
woul d include agricultural, forest, and residential wood conmbustion sources
Thus, it is essential that receptor nodeling techniques be used in conjunction
with other records of source activities to distinguish between sinilar sources.

Receptor nodels are very new and still an energing technology. At present,
met hods often only provide qualitative information. However, with expected
advances in sanpling and anal ysi s nethodol ogi es, these techniques can becore the
primary diagnostic and predictive tool used in air resource managenent. Perhaps
the greatest opportunity for inproving receptor nodels lies in the area of
detail ed anal ysis of organic enissions.66 Mst of the nodels up to now have
concentrated on elenmental fingerprints. A present, there are no reliable ele-
mental signatures for many conbustion sources. Elenental analysis is relative-
'y sinple and inexpensive when conpared to the techniques needed for organic
analysis. However, advances in organic sanpling and anal ysis can be expected
and may provide the opportunity for finding compounds or ratios of conpounds
that will distinguish between two closely related sources. Approaches shoul d
consi der the type of organic matrix present in the fuels and then focus on
expected pyrolysis and conmbustion products. For forest fuels, specific al dehydes,
furans , phenols, or terpenes would be a place to start. COrganic group, class,
or functional group analysis may al so be appropriate, as well as individua
constituent analysis, or a combination of both. It is known, for exanple
that hardwood |igins contain both quaiacyl and syringyl propane units, whereas
conifers generally contain exclusively quaiacyl units. Terpene and hemicellu-
| ose profiles also vary between species. There are classes of hydrocarbons and
pol ynucl ear aromatic hydrocarbons that have different abundance patterns based
on fuel chemstry and combustion conditions. For exanple, forestry snoke con-
tains a high ratio of poly-methylated PAH's conpared to fossil fuel sources. It
is likely that differences in fuel chenmistry and conbustion efficiency will show
up in the emssions profile

Phot ochemni cal Potential of Forestry Snoke. It has been known for some tine
that Torestry smoke had the necessary ingredients for photochenical reactions
that produce ozone and other oxidants. Evans et al.p7? first nonitored oxidant
concentrations in smoke plumes in Western Australia in 1972, Initial neasure-
ments were made with an oxidant nonitor which was later judged to give erroneous
results in concentrated smoke plumes. In a later report, he used a chemlumi-
nescent nonitor and found up to 100 ppb ozone in some plumes. The ozone maxi mum
was reached in 1 hour, suggesting that the photochemcal reactions in snoke are
essentially conplete by that tine. Reactive al dehydes, terpenes, and free
radi cals could accel erate the photo-oxidation rate. In a series of chanber stu-
dies with smoke from burning pine needles, Benner®2 found that artificia
daylight irradiation led to ozone and oxi dant formation; he observed typica
diurnal type photochem cal cycles. Non-ozone oxidant formation al ways occurred
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before ozone was observed. Westberg et al.69 nonitored slash burn plunes in
Washi ngton and found a buildup of 40-50 ppb ozone above the anbi ent background
Hydr ocarbon anal yses reveal ed the presence of many photochenmically reactive ole-
fins in the plume. Hydrocarbon/NO, ratios were favorable for photochenical oxi-
dant production. As with the earlier reports, ozone forned rapidly and
concentrations were highest 2 niles downwind of the burn. A dilution effect was
evident at distances further downwi nd. However, in another report on ozone from
the burning of forest slash, Stith et al.50 reports one case where the ozone
concentration was still increasing at 55.6 km downwi nd (26 ppb above ambient)

The inpact of ozone and oxidants produced in forest fire plunes on downw nd
air quality depends heavily on meteorol ogical and topographic factors. High-
intensity burns, because of their strong convective activity, elevate the snmoke
plume to altitudes where natural dilution prevents objectional concentrations of
ozone reaching ground level. Any problens associated wWith ozone from forest
burning woul d seemto be vastly overshadowed by the nore apparent and poten-
tially serious inpact of particulate matter on visibility.

SUMMARY

Emssions from forest fires, although transient in nature, occur in al
regions of the country and in all seasons of the year. Approximtely 47 nillion
metric tons of forest fuels are hurned annually in the United States by wildfire
and 37 million tons by prescribed fire. A though forest fires are not con-
sidered a mmjor source of criteria air pollutants at the national |evel, surveys
have identified prescribed burning as a significant factor in some |ocal and
regional air pollution problens.

There are many different kinds of forest fuels and forest fires, and
eni ssions can vary over one order of magnitude, depending on fuel conditions
and fire hbehavior. Inconplete combustion yields particulate matter, carbon
monoxi de, gaseous hydrocarbons, and volatile organic conpounds. Approximately
20 percent of the fuel nitrogen is converted to nitrogen oxides, but |ow fue
sul fur and mneral content yields negligible amounts of sul fur oxides and trace
el ements. Polycyclic organic matter, including polynuclear aromatic hydrocar-
bons (PAH) have been reported in laboratory fires with pine needles. Additiona
field studies are nowin progress to establish nore reliable PAH emnission fac-
tors. Particulate matter emission factors and emission rates available are for
several types of understory fuels and are currently being devel oped for | ogging
residue fuels. W still do not have' adequate emssion data for high intensity
prescribed fires and wildfires

Particulate matter em ssions cause the nost serious impact to air quality
related values. Problens vary fromplune blight and regional haze visibility
problens in the Northwest (from burning |ogging residues) to highway visibility

problens in the South (from snol dering conbustion of understory fuels and piled
logging  debris)

Prediction model s for em ssion factors and emnission rates based on fue
conditions and fire behavior are now energing but require continued devel oprment
and refinement. Unique chemical fingerprints for forest fire enissions are
being identified for use in receptor nodel s and source apportionment studies.
When nore fully devel oped, these techniques will become a val uabl e diagnostic
and predictive tool for air quality studies. Air resource managenent is now an
essential part of wildland managenment plans. Smoke management prograns are
being used to schedule, dilute, and reduce enissions from prescribed burning
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The physical and chenical properties of forestry smoke particulate natter
can vary fromflaning and snol dering conbustion phases of a fire. In general,
the particles consist of conplex organic conpounds derived fromthe inconplete
conbustion of cellul ose and lignin polyners. It has been estimated that over 85
percent of the organic emssions renmain uncharacterized. The physical proper-
ties of forestry particulate matter has been better characterized than its che-
mcal properties. Spherical tar droplets usually predom nate over soot
particles. Several studies have shown that the average particle diameter is
between 0.1 and 0.5 pm The density of the particles is not well established
nor are the sorptive characteristics and behavior of particles under conditions
of high humdfty.
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